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It emerges as an autoimmune-driven disease, and, among others, the autoantibodies against angiotensin type 1 receptor II have been proposed to account for preeclampsia symptoms. Despite much attention focused on describing autoantibodies associated with preeclampsia, there is no clue concerning the cell population producing them. CD19 ϩ CD5 ϩ B-1a B cells constitute the main source of natural and polyreactive antibodies, which can be directed against own structures. Here, we aimed to identify the B-cell subpopulation responsible for autoantibody production during preeclampsia and to study their regulation, as well as their possible use as markers for the disease. The frequency of CD19 ϩ
CD5
ϩ cells in peripheral blood of preeclamptic patients is dramatically increased compared with normal pregnant women as analyzed by flow cytometry. This seems to be driven by the high human chorionic gonadotropin levels present in the serum and placenta supernatant of preeclamptic patients versus normal pregnant women. Not only Ϸ95% of CD19 ϩ
ϩ cells express the human chorionic gonadotropin receptor, but these cells also expand on human chorionic gonadotropin stimulation in a lymphocyte culture. Most importantly, isolated CD19 ϩ
ϩ cells produce autoantibodies against angiotensin type 1 receptor II, and CD19
ϩ CD5 ϩ cells were further detected in the placenta of preeclamptic but not of normal pregnancies where barely B cells are present. Our results identify a B-cell population able to produce pregnancy-pathological autoantibodies as possible markers for preeclampsia, which opens vast diagnostic and therapeutic applications. (Hypertension. 2012;59:00-00.) • Online Data Supplement Key Words: preeclampsia Ⅲ autoimmunity Ⅲ B-1a B cells Ⅲ autoantibodies Ⅲ AT 1 -AA P reeclampsia (PE) is a devastating human pregnancyassociated disorder characterized by the onset of hypertension, proteinuria, and edema after the 20th week of pregnancy. It represents one of the most frequent medical complications of pregnancy, affecting Ϸ5% to 8% of all pregnant women. 1 Limited progress has been achieved in identifying the causes, being the induction of delivery the only available treatment for the clinical symptoms. 2 Recently, the idea that PE may represent an autoimmune disease has emerged. 3 This is based on the fact that many autoantibodies were identified in PE patients and suspected to account for the symptoms of the disease. [4] [5] [6] Much attention was focused on autoantibodies against angiotensin type 1 receptor II (AT 1 -AAs), because they have been detected in the serum of PE patients. 7 These autoantibodies are able to bind to and to activate the AT 1 angiotensin receptor, leading to the release of antiangiogenic factors from the placenta, which are reportedly involved in the origin of the disease. [8] [9] [10] In spite of the efforts put on identifying autoantibodies related to PE, no attention has been so far focused on the cell population responsible for their production. This is a very important piece of information, because it may provide a novel target of actions in preventing the onset of the disease in patients at risk. B-1a B cells double positive for CD19 and CD5 are a distinctive population of B cells originated during the embryonic life and represent Ϸ20% of the circulating B cells during adulthood.
11 CD19 ϩ CD5 ϩ cells are responsible for the production of so-called natural antibodies, which are characterized by their low-affinity, poly-reactivity and selfreactivity. B-1a B cells possess characteristics that reflect their strong link to autoimmunity. 12 In fact, B-1a B levels have been shown to be elevated in several human autoimmune diseases, such as Sjögren syndrome, 13 arthritis rhematoidea, 14 lupus erythematosus, [15] [16] [17] and type 1 diabetes mellitus. 18 In murine models, the active participation of these cells in autoantibody production and, thus, in the onset of the disease has been demonstrated (reviewed in Reference 17).
Whether B-1a B cells are linked to PE has not been investigated. The aim of this work was to analyze the dynamic of B-1a B cells in PE versus normal pregnancies and to study whether these cells are responsible for the production of AT 1 -AA.
Materials and Methods

Human Subjects
All of the experiments involving samples from human subjects were approved previously by the ethics committee of the Otto-vonGuericke University Medical Faculty (EK28/08 to A.C.Z.). All women and patients involved in this work were properly informed about the purpose of our research and gave their written consent before the sampling. The characteristics of the recruited participants are summarized in the Table, and further information is available in the online-only Data Supplement.
Cell Staining and Flow Cytometry
Leukocytes were stained for CD19 (PerCP), CD5 (APC; BD Biosciences), or immunoglobulin isotype (PerCP and APC) for 30 minutes at 4°C. After overnight fixation with paraformaldehyde 1%, cells were analyzed by flow cytometry (FACSCalibur). To avoid false-positive results from T cells expressing CD5, we gated on CD19 ϩ cells and then analyzed the percentage of CD5 ϩ cells within this population, as shown in Figure 1A . Data were analyzed by Cell-quest program (BD Bioscience) or FlowJo (www.flowjo.com).
Cell Isolation and Culture
Peripheral blood mononuclear cells were separated by Ficoll-density gradient centrifugation. 19 Lymphocytes from third-trimester normal pregnant (NP) or PE (5ϫ10 5 ) were cultured for 24 hours at 37°C and 5% CO 2 with RPMI medium added to penicillin/streptomycin 1% enriched with 10% of FBS, 10% of serum from NP women in the third trimester, or 10% of serum from PE patients. Cells were stained for CD19 and CD5 and analyzed as explained above. 
SSC-H CD5 CD19
isotype isotype N o n -P r e g n a n t Peripheral levels of CD19 ϩ CD5 ϩ cells drop toward the third trimester in normotensive normally pregnant women, whereas they are very high in preeclamptic (PE) patients. A, Gate strategies for the analysis of CD19 ϩ CD5 ϩ cells. We first gated on the lymphocyte population and then, to avoid false-positive results because of T cells expressing CD5, a gate in the CD19 ϩ population was defined. The percentage of CD5 ϩ cells within the CD19 ϩ population was analyzed. B, Levels of CD19 ϩ CD5 ϩ in peripheral blood of nonpregnant women; normotensive pregnant (NP) women at their first, second, and third trimesters; and in PE patients. Data are expressed as single dot, whereas means are indicated. *PϽ0.05, **PϽ0.01, and ***PϽ0.001 as analyzed by the 1-way ANOVA, followed by a Tukey multiple comparison test.
Human Placenta Explants
Placenta explants from NP or PE patients were performed following a published protocol 20 and cultured for 24 hours in RMPI medium containing penicillin/streptomycin (1%) at 37°C and 5% CO 2 .
Identification of CD19
؉ CD5 ؉ Cells in Human Placentas
CD19
ϩ CD5 ϩ cells were detected in frozen placental tissues by immunofluorescence (NP: nϭ8; PE: nϭ8).
ELISAs
Levels of BAFF protein in serum were measured by using a commercial ELISA kit (R&D System). Human chorionic gonadotropin (hCG) quantification was done by using an hCG ELISA kit (DRG Diagnostics). IgG and IgM levels in serum were measured by a homemade ELISA.
Quantification of AT 1 -AA
AT 1 -AA detection was carried out by cardiomyocyte contraction assay as described elsewhere.
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Statistics
In Figure 1 , data are presented as dots for every individual showing the mean. The data presented in the rest of the figure are shown as meanϮSEM. Data were analyzed for statistical significance using Prism 5 software (GraphPad Software, Inc). Normality was assessed by Kolmogorov-Smirnov tests. Group differences were tested by 1-way ANOVA with Tukey test or Kruskal-Wallis test and MannWhitney U test, as appropriate. In all of the cases, PϽ0.05 was considered significant and was the threshold to reject the null hypothesis. For more details of materials and methods please see the online Data Supplement.
Results
Frequency of CD19
؉
CD5
؉ Cells in Normotensive Pregnant Women Is Drastically Diminished at the Third Trimester Compared With the First and Second Trimester, Whereas it Is Very High in PE Patients
We investigated the frequency of CD19 ϩ CD5 ϩ cells, the main source of natural polyreactive antibodies, 17 in NP women and in PE patients. We observed that the frequency of these cells in blood of women at the beginning of pregnancy (first and second trimester) is similar to the one observed in nonpregnant subjects ( Figure 1B ). However, samples from normotensive women with normally developing pregnancies at their third trimester presented significantly lower levels of CD19 ϩ CD5 ϩ cells as compared with the levels observed at any other time point of pregnancy ( Figure 1B ). Interestingly, in samples from PE patients, the levels of CD19 ϩ CD5 ϩ cells were not diminished when compared with NP women in the third trimester. They were even more elevated than in NP subjects in their second trimester ( Figure 1B ). Of note is the fact that the changes observed in the levels of CD19 ϩ CD5 ϩ cells were not a consequence of variations in the levels of total peripheral B cells, because CD19 ϩ B-cell levels do not change during normotensive pregnancies or in PE patients ( Figure S1 , available in the Data Supplement). A deeper analysis of the CD19 ϩ CD5 ϩ cells revealed that they are further positive for CD27 and CD43 ( Figure S2 ).
Factor(s) Present in the Serum of Pregnant Women Regulates the Levels of CD19
؉
CD5
؉ Cells In Vitro
After observing that the levels of CD19 ϩ CD5 ϩ cells within the lymphocyte population are very high in PE patients compared with NP women in the third trimester, we wondered whether the factor(s) present in the serum is responsible for this drastic difference. To address this, we isolated peripheral blood mononuclear cells from PE patients and cultured them in the absence or in the presence of autologous serum. We next cultured these cells with serum from normotensive NP women in the third trimester. We analyzed the proportion of CD19 ϩ CD5 ϩ cells within the lymphocyte population as we did in freshly obtained blood samples. Lymphocytes from PE patients cultured in the presence of FBS or autologous serum presented the same frequency of CD19 ϩ CD5 ϩ cells as at time point 0 (data not shown). Interestingly, the addition of serum from NP women provoked a diminution of the frequency of CD19 ϩ CD5 ϩ cells within the lymphocyte population after 24 hours of culture ( Figure 2A ). We next cultured lymphocytes of NP patients (third trimester) in the presence of FBS or autologous serum for 24 hours. Again, no differences could be observed regarding the levels of CD19 ϩ CD5 ϩ cells compared with time point 0 (data not shown). The addition of serum from PE patients, however, greatly increased the percentage of CD19 ϩ CD5 ϩ cells within the peripheral blood mononuclear cells ( Figure 2B ). This clearly shows that factors in the serum of PE patients are responsible for the augmented frequency of these cells in the lymphocyte population, which mirrors the observations made in freshly isolated cells ( Figure 1B) . One of the most prominent molecules released by the placenta and present in serum during pregnancy is hCG. This female hormone is exclusively produced by the trophoblast and shed to the circulation. 22 Its levels increase rapidly after conception, peaking toward the second trimester and then dropping. 23 High levels of hCG during pregnancy have been associated with PE, 24 and we confirmed this ( Figure 2C ).
hCG Released by the Placenta Regulates the Levels of CD19
The placenta is reportedly the organ responsible for the pathogenesis of PE as demonstrated by the fact that mola hidatiforme (placenta without conceptus) can lead to PE. 25 We discarded that the classical B-cell survival factor BAFF, known to be elevated in autoimmune diseases, 26 could be responsible for the augmentation in the frequency of CD19 ϩ CD5 ϩ cells in PE, because no differences in BAFF levels could be observed between NP women and PE patients ( Figure S3) . We, therefore, turned our attention to soluble factors released by the placenta. We collected supernatants from placenta explant cultures from term NP women or PE patients and used them for stimulating lymphocytes from PE patients. The addition of supernatant from NP placenta explants provoked a significant reduction in the levels of CD19 ϩ CD5 ϩ cells within the lymphocyte population as compared with supernatant from PE placenta explants ( Figure 3A) .
Similarly, placenta supernatant from PE patients induced an augmentation in the levels of CD19 ϩ CD5 ϩ cells within the lymphocyte population as compared with supernatant from NP placenta explants ( Figure 3B ). This clearly confirms that a soluble factor released by the placenta may be responsible for the kinetics of CD19 ϩ CD5 ϩ cells. Having shown that placentas from PE patients released higher levels of hCG than those explants from normotensive pregnant women ( 
ϩ cells when lymphocytes were cultured with serum from PE patients vs cells cultured with autologous serum. C, Levels of human chorionic gonadotropin (hCG; mIU/mL) in serum of NP women at the third trimester and PE patients. PE patients showed significantly higher levels of hCG vs NP women in the third trimester. Data are representative of 3 experiments and are expressed as meanϮSEM. *PϽ0.05, **PϽ0.01, and ***PϽ0.001 as analyzed by the Student t tests. Human chorionic gonadotropin (hCG) released by placental tissue regulate the levels of CD19 ϩ CD5 ϩ cells in vitro. Placenta explants from normal pregnant (NP) women and preeclamptic (PE) patients were performed. After 24 hours of culture, the supernatants were harvested and used to stimulate lymphocytes isolated from PE patients or NP women (A). Lymphocytes isolated from PE patients who have been cultured in the presence of supernatants from NP women's placentas contain much lower CD19 ϩ CD5 ϩ cell levels vs lymphocytes cultured with supernatant from PE placenta explants. B, Similarly, lymphocytes isolated from NP women in their third trimester and cultured with supernatant from PE's placenta explants experienced an augmentation in the levels of CD19 ϩ CD5 ϩ cells. C, hCG concentrations in supernatants of placenta explants from NP women or PE patients after 24 hours of culture. Placenta explants from PE patients released significantly higher levels of hCG than placenta explants from NP women. D, hCG induced in vitro an augmentation in the levels of CD19 ϩ CD5 ϩ in lymphocytes isolated from nonpregnant women. The levels of CD19 ϩ CD5 ϩ cells after 24 hours of culture were normalized with their levels at time 0 and the data expressed as fold increased vs time 0. The data are expressed as meanϮSEM. *PϽ0.05, **PϽ0.01, and ***PϽ0.001 as analyzed by the Student t tests.
3C) and that pure isolated CD19
ϩ
CD5
ϩ cells strongly express the hCG receptor ( Figure S4 ), we next wondered whether hCG may account for the dynamic of CD19 ϩ CD5 ϩ . In fact, we found that the addition of recombinant human hCG to peripheral blood mononuclear cells isolated from nonpregnant women provoked an augmentation in the levels of CD19 ϩ
ϩ cells ( Figure 3D ). This is indicative of hCG expanding or even activating CD19 ϩ
ϩ cells.
CD19
؉
CD5
؉ Cells Produce AT 1 -AA Antibodies
Having observed that the levels of CD19 ϩ CD5 ϩ cells correlate with PE symptoms, we wondered whether the levels of CD19 ϩ CD5 ϩ cells were also associated with the presence of AT 1 -AA autoantibodies in our PE cohort. We observed that PE patients showed a very high prevalence of AT 1 -AA autoantibodies in serum, whereas in their counterpart, NP women (the third trimester), AT 1 -AA autoantibodies were almost absent ( Figure 4A ). This is not explained by different levels of total IgG or IgM in the serum of NP or PE patients, as shown in Figure S5 . We confirmed that isolated CD19 ϩ CD5 ϩ cells from nonpregnant donors produced AT 1 -AA on the addition of 10% serum from PE patients to the culture, whereas CD19 ϩ CD5 Ϫ cells do not ( Figure 4B ).
CD19
؉
CD5 ؉ Cells Were Found in the Placenta From Preeclamptic Patients But Not in NP Placentas
It has been shown that B-1a B cells migrate from the periphery to the site of inflammation in inflammatory diseases. 27, 28 In this regard and taking into account the inflammatory nature of PE, we wondered whether CD19 ϩ CD5 ϩ B-1a B cells can be found at the fetal-maternal interface in PE patients. We performed immune colocalization of CD19 and CD5 cells in placental tissues from normotensive pregnant women and PE patients. We were able to identify CD19 ϩ CD5 ϩ B-1a B cells exclusively in placenta samples from PE patients ( Figure 5A through 4D) , whereas we failed to detect any B-1a B cell in placenta samples from NP women ( Figure 5E through 5H) . Negative control is shown in Figure  5I through 5L.
Discussion
In the last years, the concept of PE as an autoimmune disease has been introduced. 3 This assertion is based on the fact that several autoantibodies were described to be present in PE patients. Among others, the autoantibodies against the AT 1 -AA have gained attention. Since Wallukat et al 7 described the presence of AT 1 -AA in PE patients, many features of the disease has been explained by the ability of this autoantibodies to bind to and to activate the angiotensin receptor on a variety of cells. [29] [30] [31] [32] [33] However, despite much information concerning the presence of autoantibodies in PE patients, no attention has so far been focused on the cells producing them. We focused our attention on the B-1a B cells. B1 unlike B2 cells, originate from a progenitor in the fetal liver and are able to self-replenish during adulthood. 12 B-1a B cells are the primary source of natural antibodies. 34 Natural antibodies are produced in the complete absence of antigenic stimulation, are polyreactive, and have been reported to cross-react with multiple antigens, including autoantigens. 35 In fact, B-1a B cells and their produced polyreactive antibodies have been related to autoimmune diseases in humans, [13] [14] [15] [16] whereas their ability to cause autoimmunity has been demonstrated in mouse models of disease. 17 B-1a B cells were classically defined as CD19 ϩ CD5 ϩ cells. 12 Recently, and while this work was in the final stage of elaboration, an elegant article describing a new population (CD20 ϩ CD27 ϩ CD43 ϩ ) of B1 cells in humans has arose.
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To highlight is the fact that 75% of these cells express CD5. 36 On the other hand, more recently, it has been shown that human CD19 ϩ CD5 ϩ B-1a B cells may be activated and produce autoantibodies. 37 We were able to show that both the amount of CD19 ϩ CD5 ϩ cells and the levels of AT 1 -AA autoantibody strongly correlate with the onset of PE. We observed that the levels of CD19 ϩ CD5 ϩ cells at the first and second trimester of NP are similar to those observed in nonpregnant women. The levels of CD19 ϩ CD5 ϩ cells in normotensive women having normally progressing pregnancies in their third trimester are significantly lower compared with all of the other groups. Notably, PE patients presented elevated frequencies of CD19 ϩ CD5 ϩ cells, which were even higher than the levels observed in the second trimester of pregnancy. This is not because of a total augmentation in the levels of CD19 ϩ B cells, because they were comparable among all of the groups. In several well-characterized autoimmune diseases, a similar augmentation in the levels of these cells compared with the healthy controls could be observed. [13] [14] [15] [16] To the best of our knowledge, no data are available in the literature regarding B-1a B cells in pregnancy. This interesting dynamic of CD19 ϩ CD5 ϩ cells in pregnancy raises the question concerning the physiological relevance of this phenomenon. In this regard it is worth mentioning that immunoglobulins generated during the third trimester of pregnancy cross the placenta and enter the fetal circulation. The transfer of immunoglobulin from mother to fetus is a naturally occurring process by which the mother confers immunity to the developing fetus. However, if the immunoglobulins crossing the placenta are potentially autoreactive, as the product of B-1a B cells are, this would have adverse consequences. We hypothesize that the observed diminution in the proportion of CD19 ϩ CD5 ϩ cells toward the third trimester in normotensive pregnant women may reflect a protective mechanism to prevent the presence of natural and polyreactive antibodies at the fetalmaternal interface, which would put the growing fetus at risk. Very interestingly, AT 1 -AA autoantibodies belong to the IgG3 subclass 38 whose production is a hallmark of the humoral response to T-cell-independent type 2 antigens by B-1a B cells. 39 It is tempting to speculate that these autoantibodies that are known to account for the onset of PE are related to CD19 ϩ CD5 ϩ cells. PE patients have very high levels of AT 1 -AA, whereas the levels of these antibodies are very low or absent in normotensive pregnant women in their third trimester. Furthermore, we demonstrated that isolated CD19 ϩ
CD5
ϩ but not CD19 ϩ CD5 Ϫ cells produce AT 1 -AA when cultured with serum from PE patients. We do not discard the possibility that these cells may also be related to others antibodies. In fact, Torricelli et al 4 have recently reported a similar dynamic for autoantibodies against proteins S and C, in the serum of NP women and PE patients as we observed for CD19 ϩ
ϩ cells. Autoimmune diseases are mainly triggered by the production of autoantibodies by B cells. There are 2 different lineages of B cells, namely, B1 and B2 B cells. B2 cells are originated continuously by precursors present in the bone marrow and then migrate to the spleen, where they complete their maturation. 40 Under nonpathological situations, those B cells that recognize autoantigens are likely to be eliminated. However, in many cases, clones of autoreactive B cells are capable to survive, complete their development, and expand producing autoantibodies that eventually may cause autoimmunity. 41 The tumor necrosis factor family member BAFF plays a crucial role in the developmental progression of transitional B2 cells into the mature B-cell compartments and is required for B2 cell tolerance. 26 In fact, elevated BAFF serum level was found in patients with autoimmune diseases. B2 B cells seems to be not involved in the production of AT 1 -AA in PE, because no differences in the levels of BAFF were observed in the serum of NP women and PE patients. B1 B cell population, unlike B2, does not express BAFF receptor, and, therefore, BAFF is not required for B1-cell development and maintenance. 42, 43 This reinforces our hypothesis that autoantibodies found in PE patients are much more likely produced by B1 cells than B2 cells. CD19 ϩ CD5 ϩ cell variations within the lymphocyte population were not related to the levels of total B cells. Our in vitro data indicate that the variations in CD19 ϩ CD5 ϩ cells strongly depend on soluble factors present in serum and secreted by the placenta. Pregnancy is strongly associated with changes in the hormonal status, and the placenta is responsible for the secretion of these hormones. The hCG is a glycoprotein produced mainly by the placenta and plays several roles in the maintenance of pregnancy. 44 hCG is being secreted immediately after pregnancy establishment, whereas its levels diminish toward the third trimester. 25 However, high levels of hCG in PE patients have been described in contrast to NP, 26 which we could confirm in this study. We also showed that placenta explants from PE patients released higher amounts of hCG than placenta explants from NP women. B cells have been shown to express hormone receptors and to respond to hormone treatments in vitro and in vivo. 45 Indeed, we demonstrated here that CD19 ϩ CD5 ϩ cells highly express the hCG receptor and expand in vitro on hCG influence. hCG emerges as a pivotal factor dictating the frequency of CD19 ϩ CD5 ϩ cells within the lymphocytes as we could observe in vitro. CD19 ϩ CD5 ϩ cells able to produce autoantibodies are potentially dangerous for pregnancy, especially in the third trimester, because these immunoglobulins may have the ability to reach the placenta as we already discussed above. In PE patients, not only the production of AT 1 -AA by CD19 ϩ CD5 ϩ cells was found, but also CD19 ϩ CD5 ϩ cells were detected in placental tissue. In line with this, it has been shown that B-1a B cells in autoimmune diseases not only contribute to the onset of the pathology by the antibody production but also migrate to the sites of inflammation and are able to produce and secrete inflammatory, hazardous molecules, for example, cytokines, which will exacerbate the symptoms.
In summary, CD19 ϩ CD5 ϩ cells emerge as a novel PE marker and their levels correlate with the disease, as well as with the levels of AT 1 -AA. Their frequency seems to be regulated by increased hCG levels secreted by the placenta during PE and present in the serum. Our data enormously contribute to the understanding of the complex mechanisms leading to the onset of PE. Of importance, our work first identifies the cellular component related to the production of autoantibodies during pregnancy. The detection and quantification of CD19 ϩ CD5 ϩ cells in maternal blood may serve as a noninvasive diagnostic tool, which opens vast new therapeutic opportunities.
Perspectives
We provide evidence supporting the idea of PE as an autoimmune disease. Additionally we bring to light a possible new diagnostic tool for the early detection of patients at risk of developing PE. Further studies, for example, retrospective analysis of CD19 ϩ CD5 ϩ cell levels in pregnant women throughout pregnancy, have to be done to clearly conclude that CD19 ϩ CD5 ϩ cell levels can be used as an early marker of the disease. 
